Abstract
Introduction
Early tooth loss enhances rapid resorption of alveolar bone. Although dental implants have become the standard of care for replacing missing teeth, inadequate alveolar bone has a major effect on implant prognosis (De Riu, et al. 2007 , Sjostrom, et al. 2007 ). To improve implant osseointegration and clinical outcome, bone augmentation with grafts is often necessary. But this has variable prognosis, delays treatment, increases cost and may be complicated by underlying systemic disorders (Beikler & Flemmig 2003 , Hwang & Wang 2007 , Moy, et al. 2005 . Methods recently tested to improve implant osseointegration include modifying implant surface, addition of growth factors, adhesion molecules and osteoprogenitor cells to the implant site during surgical procedure (Eisenbarth, et al. 2007 , Yan, et al. 2005 . When exposed to the atmosphere, titanium, a common implant material spontaneously forms a dense amorphous oxide layer with a reported thickness ranging from 1.8 to 17 nm (Sul, et al. 2002) . Several treatments have been advocated to enhance the native oxide in order to accelerate the process of osseointegration. Cell attachment studies have shown that titanium oxidation treatments promote osteoblast attachment on titanium (Mante, et al. 2004 , Mante, et al. 2003 . Implantation studies (Schincaglia, et al. 2007 , Schupbach, et al. 2005 ) have also reported enhanced in vivo osseointegration by oxidized titanium. Heat and several chemical methods have been investigated as titanium oxide modifiers. One of these focused on the formation of amorphous titania by immersion of titanium in a H 2 O 2 /HCl mixture at 80°C (Wang, et al. 2001 ). This amorphous titania gel was transformed to anatase on heating to 400°C. We have earlier described that when titanium is oxidized in a mixture of H 2 O 2 and HNO 3 at 80°C with an average roughness of 197 nm, it provided a surface oxide that promoted peptide attachment and subsequent osteoblasts activity (Mante, et al. 2004) . To further improve osseointegration, trabecular bone is commonly used as grafts because of the abundance of osteoprogenitor cells like bone marrow stromal cells (BMSCs), a unique postnatal stem cell population with ability to differentiate into multiple tissues that include bone, cartilage, adipose tissue, muscle and neural tissues (Pittenger, et al. 2000) . Non-oral sites such as iliac crest are common donor sites for bone grafts but this creates an additional surgical site (Jackson, et al. 1986 , Oklund, et al. 1986 , Sawin, et al. 1998 . Using donor tissues from alveolar bone to bridge alveolar defects may be preferable because the donor and recipient sites are of similar embryological development (Helms & Schneider 2003) . The ease of obtaining alveolar bone will eliminate morbidity of a second surgical procedure and enhance graft integration of tissues from similar skeletal sites. Orofacial bone develops from neural crest while axial and appendicular bones develop from mesoderm (Chai, et al. 2000) . In same individuals, orofacial BMSCs isolated from maxilla and mandible have superior osteogenic capacities than iliac crest BMSCs (Akintoye, et al. 2006) . If titanium-attached orofacial BMSCs can maintain superior osteogenesis over BMSCs from non-oral sites like iliac crest, they will represent a readily available and viable source of graft materials that can be used to promote alveolar bone augmentation and reduce time needed for implant osseointegration. We tested the hypothesis that titanium-attached BMSCs from maxilla display superior osteogenic properties than those of iliac crest in same individuals.
Materials and Methods

Titanium
Cylindrical commercially pure titanium rods (99.7%) of 1.27cm diameter were cut into 2 mm thick disks and sequentially ground on silicon carbide paper from 240 to 600 grit. All disks were rinsed in distilled water, sonicated in acetone for 10 min and air-dried. The titanium disks were oxidized by immersion in a solution of 8.8 M H 2 O 2 /0.1M HCl at 80°C for 30 min, and rinsed in distilled water. The disks were transferred to 24-well tissue culture plates (TCP) (Corning Life Sciences, Lowell, MA) and sterilized under ultraviolet radiation for 24 hours.
Bone marrow stromal cell samples
Four healthy normal volunteers who received treatment for 3 rd molar surgery were enrolled in an Institutional Review Board-approved protocol at the University of Pennsylvania, Philadelphia PA after obtaining written informed consent. Trabecular bone samples were obtained from maxilla and iliac crest of each volunteer. Primary BMSCs were established in culture from each site and each subject with α-minimum essential medium (α-MEM) supplemented with 20% fetal bovine serum (Equitech Bio Inc, Kerville, TX, USA), 100 U/ml, penicillin, 100 mg/ml, streptomycin sulfate and 2 mM glutamine (BioSource International, Camarillo, CA, USA), incubated at 37 °C in a humidified atmosphere of 5% CO 2 and air as previously described (Akintoye, et al. 2006) .
Bone marrow stromal cell attachment to titanium surfaces
First passage maxilla and iliac crest human BMSCs were seeded in triplicate wells on oxidized titanium discs at 1 × 10 4 cells/well in α-MEM growth medium as above. Parallel control experiments were set up in 24-well plates only, without titanium using tissue culture plate (TCP) as baseline. After 24 hours, cells attached to titanium and TCP were detached with Trypsin-EDTA (Invitrogen, Life Technologies, Carlsbad, CA) and counted with a hemocytometer.
Cell proliferation and osteogenesis of titanium-attached bone marrow stromal cells
In triplicate wells of 24-well plates, BMSCs were seeded on titanium and TCP as described above. Attached cells were allowed to proliferate for 48 hours before evaluating for actively metabolizing cells using WST-1 proliferation assay (Roche Applied Science, Indianapolis IN) based on the cleavage of a tetrazolium salt into a colored soluble formazan product. Cells in another set of parallel experiments were kept in culture for 1 week before isolation of total RNA using TRIzol® reagent (Invitrogen Life Technologies, Carlsbad, CA) and real time PCR assessment of the transcripts for alkaline phosphatase and osteopontin as described below.
Real Time PCR analysis of alkaline phosphatase and osteopontin
Using total RNA isolated above, first strand cDNA was prepared with first strand SuperScript ™ Double-Stranded cDNA Synthesis Kit (Invitrogen Life Technologies, Carlsbad, CA) using an oligo-dT primer. cDNA corresponding to 50ng input RNA was amplified as previously described (Mante, et al. 2003) to assess transcripts for alkaline phosphatase, osteopontin and GAPDH (internal control) in a SmartCycler (Cepheid, Sunnyvale CA) using a LightCycler-FastStart DNA Master SYBR Green I kit (Roche Applied Science, Indianapolis IN). Primers used were human alkaline phosphatase (NM000478), forward, 5′-ACCATTCCCACGTCTTCACATTTG-3′, reverse, 5′-AGACATTCTCTCGTTCACCGCC-3′; human osteopontin (NM000582), forward, 5′-AGCCAGGACTCCATTGACTCGAAC-3′, reverse, 5′-GTTTCAGCACTCTGGTCATCCAGC-3′; and human GAPDH (M33197), forward: 5′-AGCCGCATCTTCTTTTGCGTC-3′, reverse: 5′-TCATATTTGGCAGGTTTTTCT-3′. To confirm PCR specificity, a final melt curve from 60-95°C was performed.
Calcium accumulation of titanium attached bone marrow stromal cells
To induce calcium accumulation, attached cells were switched to α-MEM containing supplements of 10 −8 M dexamethasone, 10 −4 M L-ascorbic-2-phosphate and 5 mM β-glycerophosphate for 4 weeks. Cells were then fixed with 70% ethanol and stained with 2% Alizarin Red S (pH 4.2). Unbound and nonspecifically bound stain was removed by copious rinsing while calcium-bound stain was extracted with 0.5 N HCl/5% sodium dodecyl sulfate and measured at an absorbance of 415 nm (Akintoye, et al. 2006 ).
Statistical Analysis
From triplicate plates, mean values were computed for each subject as outcome variables for specific contrasts between maxilla and iliac crest BMSCs. Outcome measures from titanium-attached cells were compared with matched control cells cultured on TCP and differences were assessed with Kruskal-Wallis one-way analysis of variance (ANOVA) test. Statistical significance was set at P < 0.05.
Results
Bone marrow stromal cell attachment to titanium
BMSCs attached easily to titanium and acquired fibroblast-like morphology within 24 hours (Figure 1a) . There was individual variability among the subjects with respect to the number of BMSCs attached to either TCP or oxidized titanium. While fewer cells consistently attached to titanium than TCP (Figure 1b) , there was no difference in the affinity of maxilla and iliac crest cells to titanium.
Osteogenesis of titanium-attached cells
The ability to induce osteogenesis after titanium-attachment was compared based on gene expression of alkaline phosphatase and osteopontin. Titanium-attached maxilla BMSCs were more osteogenically responsive than iliac crest cells as they induced higher gene expression of both alkaline phosphatase and osteopontin (Figure 2 ) in maxilla BMSCs. These differences were not statistically significant due to the small sample size. Similarly, when BMSCs were kept in culture for 4 weeks in mineralization medium, titanium attached cells stained deeper with Alizarin Red S dye than those on TCP (Figures 3a and 3b) . However, the amount of calcium-bound stain was not statistically different between the two cell types whether cultured on TCP or oxidized titanium (Figure 3c ).
Discussion
The need to enhance implant osseointegration continues to define improvements to implant materials and bone augmentation (Filho Cerruti, et al. 2007 ). Emphasis has been shifting to the use of autologous graft materials such as postnatal stem cells to regenerate new bone (Nakamura, et al. 2005) . We used oxidized titanium discs as culture surfaces and compared attachment, survival and osteogenesis of BMSCs from two embryologically different skeletal sites, maxilla (orofacial bone) and iliac crest (axial bone) a common graft donor site in tissue transplantation. BMSCs from 4 subjects were tested based on prior studies that showed a sample size of 4 was sufficient to clarify osteogenic differences between orofacial and axial BMSCs (Akintoye, et al. 2006 , Stefanik, et al. 2007 , von Knoch, et al. 2005 . Although there was individual variability among the samples (data not shown), maxilla BMSCs attached comparatively well to titanium as iliac crest cells. Both cell types demonstrated equal survival abilities on both titanium and TCP. BMSCs are known to attach to TCP as early as 4 hours after seeding (Kuznetsov & Gehron Robey 1996) , it appears that titanium similarly promoted BMSCs attachment as well as TCP (Figure 1) . Some studies have proposed other modifications of titanium surface such as peptide attachment (Mante, et al. 2004 ) and growth factors (Yan, et al. 2005) to promote cell attachment. In this study, we focused on oxidized titanium surface without additional surface modifications to allow evaluation of direct effects of titanium on BMSCs. Interestingly, the differences between the two cell types based on alkaline phosphatase and osteopontin gene transcripts were better defined than their ability to induce calcium accumulation in a culture dish. Despite higher in vitro calcium accumulation by titaniumattached cells than TCP, the disparate osteogenic response between maxilla and iliac crest BMSCs was better clarified by gene expression of osteogenic markers (Figure 2 ) than calcium accumulation (Figure 3) . Future experiments that assess amount of biological hydroxyapatite in the culture dish may define more clearly these potential skeletal site-specific differences. Titanium-attached maxilla BMSCs were more osteogenically responsive than iliac crest cells because they expressed more of an early osteogenic marker (alkaline phosphatase) and a late marker (osteopontin). Consistent with previous report, (Akintoye, et al. 2006 ) superior osteogenic response of maxilla over iliac crest BMSCs (data not shown) was also displayed by cells attached to TCP only. Similar superior osteogenic pattern was displayed by titaniumattached maxilla over iliac crest BMSCs despite a reduced number of attached and proliferating cells on titanium compared to TCP (Figure 1b) . Therefore, titanium-attachment preserved the previously reported superior osteogenic response of maxilla (orofacial bone) BMSCs over iliac crest (axial bone) cells (Akintoye, et al. 2006 ). This previous study showed that maxilla and mandible BMSCs can quickly form osteogenic cells much earlier than iliac crest BMSCs. They also formed more abundant bone in vivo than iliac crest cells when transplanted into the subcutis of immunocompromised mice (Akintoye, et al. 2006 ). Higher osteogenic response of titaniumattached maxilla BMSCs is impressive considering that BMSCs in this study were not cultured in osteogenic medium that usually contains glucocorticoids (Leboy, et al. 1991) . If the response of non-osteogenically stimulated cells is considered baseline response, it will be interesting to further evaluate the potential for a more dramatic response of osteogenically stimulated cells especially in a larger patient sample.
In summary, this pilot study indicate that maxilla BMSCs have similar titanium-attachment affinity as iliac crest cells. Survival of both cell types decreased after attaching to titanium, but the superior osteogenic capacity of maxilla BMSCs was apparently preserved. These pilot data suggest that using graft materials from skeletally-similar orofacial bones to augment alveolar bone may be a viable and more readily available alternative source of graft materials in implant dentistry. It is therefore imperative to confirm these findings in a larger patient population. Affinity of bone marrow stromal cells to titanium. (a) Scanning electron microscopic appearance of a representative iliac crest bone marrow stromal cell within 24 hr of attachment to titanium. Note the characteristic fibroblast morphology (white arrow) displayed on titanium within 24 hrs (similar pattern was displayed by both iliac crest and maxilla cells). Energy of the electron beam was 20 kV and magnification was × 1500. (b) Attached and actively metabolizing bone marrow stromal cells were assessed using WST-1 cell proliferation assay. There was a slight reduction in number of both iliac crest and maxilla bone marrow stromal cells attached to titanium compared with tissue culture plate. There was no statistically significant difference in affinities of both cell types for titanium. Osteogenic differentiation of titanium attached bone marrow stromal cells. Total RNA was isolated and mRNA of alkaline phosphatase and osteopontin were amplified and quantified with real time PCR. Compared with cells attached to tissue culture plate, both cell types showed a decrease in alkaline phosphatase but an increase in osteopontin after attaching to titanium. Titanium-attached maxilla bone marrow stromal cells responded osteogenically more than iliac crest cells based on gene expression levels of both alkaline phosphatase and osteopontin. Mineralization ability of titanium-attached bone marrow stromal cells. Staining for calcium accumulation with Alizarin Red S dye was lower on tissue culture plate (a) than titanium (b). When unbound stain was excluded followed by spectrophotometric evaluation of calciumbound titanium, the amount of calcium-bound stain was not statistically different between the two cell types whether attached to tissue culture plate or titanium (c).
